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PIPE CONSTRUCT- 
E f f i c i e n t  heat e x t r a c t i o n  from nuclear  
reac tors  a t  e leva ted  temperatures has been one of 
t h e  weak l i n k s  i n  appl ica t ion  of thermionics a s  
w e l l  a s  o ther  high temperature conversion systems. 
The l i th ium f i l l e d  heat pipe can be shown theo- 
r e t i c a l l y  t o  exce l  i n  t h i s  a rea .  
The heat pipes described herein were 
designed and fabr ica ted  with t h e  following 
c r i t e r i a  i n  mind, operat ion a t  1850 K i n  contact 
with nuclear  f u e l ,  a x i a l  heat f l u x  grea te r  than 
7 kw/cm2, and a configurat ion allowing d i r e c t  
coupling t o  a cross flow heat pipe heat exchanger. 
Chemically vapor deposited tungsten was used a s  
t h e  'outer s h e l l  and l i th ium a s  t h e  working f l u i d .  
I n  t h e  study both annular  and channeled 
wicks were inves t iga ted  along with methods of wick 
f a b r i c a t i o n  using tungsten and tungsten rhenium. 
Calorimetric  heat throughput measurements a t  
0 various operat ing temperatures a r e  presented. 
INTRODUCTION 
t 
!X Mny advanced space parer  systems advocate 
t h e  use of heat  pipes i n  order t o  achieve a 
compact high performance reac tor .  One such 
concept a s  proposed by Brei twieser  and h n t z l  
f u r t h e r  advocates a completely modular system 
from f u e l  elements t o  a heat  pipe cooled r a d i a t o r .  
Though not r e s t r i c t e d  t o  thermionics t h e  modular 
approach was suggested f o r  use with out  of core 
thermionic converters .  The term "modular" 
implies t h a t  each subsystem i s  made up of many 
i d e n t i c a l ,  independent components. ?he modularity 
of  t h e  primary coolant system is obtained by t h e  
use of a network o f  many tungsten r e a c t o r  heat  
pipes coupled t o  t h e  secondary heat Pipe network 
through a cross flow heat  exchanger a s  shown i n  
Figure 1. The modular cross flow f e a t u r e  g r e a t l y  
reduces t h e  hazards of propagating f a i l u r e s  i n  o r  
out  of t h e  r e a c t o r  core. Thermal contact  between 
t h e  mating f l a t  sur faces  of t h e  primary and 
secondary components i s  necessary f o r  e f f i c i e n t  
heat t r a n s f e r  between systems. The reac tor  p i ~ e s ,  
a s  proposed, would be c i r c u l a r  i n  cross s e c t i o n  
i n  t h e  core where they a r e  i n  contact with 
uranium carbide (UC) f u e l  pins y e t  rectangular  i n  
cross s e c t i o n  i n  t h e  heat  exchanger. Each pine i s  
designed t o  t r a n s f e r  betyween 2 and 3 kb1 a t  1850 K 
f o r  periods I n  excess of 10,000 hours. This 
naner describes t h e  fabr ica t ion  of such a tungsten 
reac tor  vine and ~ t s  heat t r a n s f e r  c h a r a c t e r i s t i c s  
up t o  190C1 K. 
Previously, tungsten has not been advocated 
s t rongly  f o r  heat pipe app1icat:ons due urimari ly 
t o  f a b r i c a t i o n  d i f f i c u l t i e s .  Here t h e  choice of 
chemically vapor deposited (CVD) t u n ~ s t e n  a s  t h e  
heat  pipe s h e l l  i s  based primarLly on t h r e e  
f a c t o r s :  f i r s t ,  t h e  conclusions of B::sse, e t  
t h a t  tungsten and tungsten-base a l loys  Dresent tile 
l e a s t  oxygen corrosion problems of a l l  re f rac tor )  
metals t es ted ;  second, demonstrated chemical 
compatibi l i ty of tungsten with UC fue l ;  and t h i r 2 ,  
t h e  f l e , x i b i l i t y  of shape and inherent c u r i t y  9: 
mater ia l  achievable by t h e  CVD prccess.  
Thus f a r ,  two types of p i ~ e s  hove k e n  b u i l t  
and operated; one a smooth wal l  p i w  i l t i i i z i n g  
autoclaved tungsten screen wicks i n  both the  
evaporator  and condenser (Figure 2 )  and one with 
channels i n  t h e  condenser wal l  end a swage2 
tungsten screen wick i n  t h e  e - , ~ a ~ o r a t e r  (Figure 3 ) .  
Some important dimensions f o r  both p i p s  a r e  
l i s t e d  i n  Table I. 
Table I 
Reactor Heat Pipe Dimensiofis 
Evaporator O.D. 
Evaporator Wall 
Evaporator Length 
Evaporator Area 
Condenser Cross 
Sect ion 
Condenser Length 
Wick I . D .  
Adiabatic  Throat 
Area 
Adiabatic  Length 
\,Ti clc Thickriess 
The pines,  a s  deposi ted,  a r e  open only a t  tile 
rectangular  end t o  keep welds outsj-icie of the  
evaporator  region and t o  allow easy i n s t a l l a t i o n  
of wicks. mngs ten  i s  deposited on o m3lybden:;m 
'9an4rel and ground t o  0.011C" wel l  tliicltnesr bel'or.c 
t h e  mandrel i s  removed by chemical e tch ing .  In  
t h e  case of t h e  channeled condenser wi : l . l  .Lhe 
nsndrcl  i s  grooved pr ior  t o  depos i t jcc .  5 t h  xhe 
smooth wall  and channeled condenser ~ l p e  desi,;rs 
requil,c a :lick t r a n s i t i o n  piece which ni-ov1de.j 
l i  4 u l  conununication between t h e  recion,::~lar 
Resented  a t  t h e  Tr~ermisni,: Ca.qversion S ~ e c i a l i s t s  Conferenre, wt. Ji through b, 197:., %i-.n T\ie::n, ca:jc. 
s e c t i o n  and t h e  c i r c u l a r  wick. Accumulators a r e  
provided i n  t h e  condenser sec t ion  t o  allow t h e  
e n t i r e  pipe t o  operate a t  e s s e n t i a l l y  constant 
temperature even with an excess of l i thium. A 
tungsten wire spr ing  i s  used t o  hold t h e  evapo- 
r a t o r  wick and t h e  wick t r a n s i t i o n  i n  piace. 
Af te r  t h e  wick assembly, spring,  and accumulators 
a r e  inser ted  i n t o  t h e  tube, a W-265 Re end p l a t e  
with a f i l l  hole i n  i t s  cen te r  i s  tungsten i n e r t  
gas (T.I.G.) welded onto t h e  condenser end. 
This assembly i s  then heated i n  vacuo t o  
1600 C, cooled, and b a c k f i l l e d  with argon. From 
t h i s  point  t o  completion, the  pipe never experi-  
ences any environment bu t  argon o r  vacuum. Solid 
rods of high p u r i t y  l i th ium a r e  i n s e r t e d  through 
t h e  f i l l  hole i n  t h e  end p l a t e  i n  an argon 
environment. A c i r c u l a r  W-26$ Re plug i s  then  
inser ted  i n  t h e  f i l l  hole, t h e  assembly i s  
evacuated, and t h e  f i l l  plug i s  e lec t ron  beam 
(E.B.) welded t o  t h e  end p la te .  
WICK CONSTRUCTION 
In  f a b r i c a t i n g  both autoclaved and swaged 
wicks, f i v e  layers  of 120 mesh W-3% F?e screen 
with .002" diameter wire were compressed between 
a molybdenum mandrel and a molybdenum sheet .  
Autoclaved wicks were compressed a t  
10,000 p s i  f o r  one hour a t  1500 C. These condi- 
t i o n s  r e s u l t e d  i n  a r i g i d  wick s t r u c t u r e  with 
good bonding between layers  of  wires, but  t h e  
s t r u c t u r e s  were somewhat b r i t t l e  and required 
c a r e f u l  handling. 
Swaging, which was done a t  room temperature, 
compacted t h e  screen layers  i n t o  a f l e x i b l e  wick 
s t r u c t u r e  by entanglement of t h e  wires r a t h e r  
than by bonding. Relat ive pore s i z e  was compared 
by using t h e  equation A P = 2 where A P 
represents  a i r  pressure necessary t o  produce t h e  
f i r s t  bubble through a wick submerged i n  water, 
o i s  t h e  water surface tension,  and r i s  t h e  
pore radius.  This comparison shared t h a t  pore 
s i z e s  of  autoclaved wicks a r e  60 t o  70 percent  
t h a t  of swaged wicks. However, swaged wicks a r e  
f a s t e r  and more economical t o  produce and, 
fur ther ,  t h e  pore s i z e  obtainable by swaging 
(approximately 0.006" d ia .  ) was considered more 
than  adequate t o  provide t h e  required pumping i n  
these  s h o r t  pipes. 
HEAT PIPE OPERATION 
The smooth w a l l  heat pipe, shorrn i n  Fig. 2, 
was f i r s t  operated a number of times using R.F. 
heat ing.  Poor coupling between t h e  pipe and t h e  
R.F. c o i l  arrangement used prevented hea t ing  
above 1200 K i n  these  t e s t s .  The pipe was sub- 
sequently heated t o  1900 K using e l e c t r o n  
bombardment (E.E. ) heating.  During operat ion a 
l i th ium leak was observed i n  t h e  t r a n s i t i o n  
sec t ion .  Ezanlnotjon of t h e  t r a n s i t i o n  sec t ion  
showed t h a t  an opening occurred a t  a gro~wn-in 
imperfection i n  t h e  CW tuagsten t r a n s i t i o n  
f i l l e t .  This problem was corrected i n  subsequent 
pipes by en la rg ing  t h e  f i l l e t  radius from .06" t o  
0.15" . Tlie l a r g e r  rddius allows t h e  CVD coating 
t o  deposit  evenly over the  e n t i r e  lengLh of t h e  
pipe y ie ld ing  uniform wal l  thickness and continu- 
ous proper t ies  a t  t h e  t r a n s i t i o n .  
The pipe with t h e  channe:Led condenser w e l l  
was a l s o  s t a r t e d  s e v e r a l  times using both  R,F, 
and E.9. heat ing techniques. In  -.;he R.F. t e s t s  
of t h i s  pipe b e t t e r  matching of t k e  pipe t o  t h e  
c o i l  allowed operat ion up t o  11900 K as  shown i n  
Figure 4. At these  conditions t h e  bare condensel- 
was r e j e c t i n g  about 1400 wet-ts . In creer  t o  
increase  t h e  heat r e j e c t i o n  capabi l i ty  of the  
condenser t o  t h e  design l e v e l  it was cecessary t c  
extend t h e  r a d i a t i v e  a rea  of ?.he eon2ecser by t h e  
use of s o l i d  f i n s  a s  seen bol ted  t o  t h e  pipe i n  
Figure 5. These th ree  tantalum f j n s  ? r e  capable 
of  r e j e c t i n g  about 3 kW i f  t h e  f i n  base ( i n  
contact with t h e  condenser wa1.l) i s  a t  1500 K. 
Star tup  under la rge  thermal loads sucl: a s  these 
f i n s  presents  a problem s i m i l a r  t o  t h a t  observed 
by o ther  inves t iga tors3  and w i l l  be d-scussed I n  
t h e  next sec t ion .  
A diagram of t h e  l i f e  t e s t  sta;llon now belne 
used on t h e  channeled pipe i s   show^ In h @ r e  6. 
A c y l i n d r i c a l  e lec t ron  gun i s  usec f o r  heat inpuT 
and t h e  water cooled enclosure,  s t a r t l a g  a t  t h e  
t r a n s i t i o n ,  is used a s  t h e  calorimeter .  F igwe 7 
shows heat  throughput with three f i n s  a t tache2  a s  
a func t ion  of pipe temperature. A t  1850 I( con- 
denser  temperature t h e  f l n s  a r e  r e j e c t i n g  2135 
watts ,  corresponding t o  an a x l a 1  heat fLdx of 
8090 w/cm2 i n  t h e  a d i a b a t i c  region. A 200 C 
temperature drop between t h e  plpe an2 ehe f i n  
base, due t o  poor thermal contar t ,  r e s u l ~ e d  ~1 
lower heat  r e j e c t i o n  than  a n t l c l p a t e u  Xqe pipe 
has operated continuously a t  ternperatwes I n  
excess of 1800 K f o r  500 hours up T O  t h e  w r i t r r g  
of  t h i s  paper and i s  s t i l l  operat ing.  
STARTUP WITH FINS ATI!!.CED 
Problems assoc ia ted  with s t a r t u p  ox a pipe 
with an a u x i l i a r y  heat  s ink  a r e  discussec; i n  
d e t a i l  i n  reference 3 and w i l l  be s m v i z e d  
here from my observations. With th ree  f i ~ s  
a t tached  t o  t h e  condenser, t h e  evaporator temp- 
e r a t u r e  could be r a i s e d  t o  approximately 950 C 
a t  which t ime t h e  temperature f ron t  m-vec: qui(:lcly 
through t h e  t r a n s i t i o n  t o  a p0j.m j u s t  pest  the 
f r o n t  of t h e  f i r s t  f i n  and s t o p p d .  With t h e  
heat  input  held constant ,  t h e  :Cront wouiC not 
advance. Increasing t h e  heat in3u.t  r a i sed  t h e  
temperature of t h e  evaporator  b u t  s imul taneo~x~ly  
caused a hot spot ,  o r  wick dryout, i n  t h e  evnno- 
r a t o r  with again no advance of t h e  f ron t .  31:: 
pipe could not be s t a r t e d .  
From our observations and t h e  e x a l e n a t i o r ! ~  
given i n  reference 3 it i s  aDparent t::r-L Liiis 
s t a r t i n g  l i m i t  i s  d i r e c t l y  assoc ia ted  v i t h  8 
sonic  ] L i m i t .  
Startug was achieved by t h e  follo*ring 
method. Heat input  t o  t h e  evaporator  was, s e t  a t  
a l e v e l  s u f f i c i e n t  t o  maintain t h e  evaporator  a t  
9 0  C. A t  t h i s  condit ion t h e  temperature of t h e  
condenser near t h e  f i r s t  f i n  was approximately 
800 C. An a u x i l i a r y  e l e c t r o n  beam hea te r  was 
then  used t o  i n j e c t  400 t o  500 watts  i n t o  t h e  
condenser end f o r  periods of 5 t o  20 minutes. 
Shutt ing down t h e  a u x i l i a r y  condenser hea te r  
a f t e r  5 o r  10 minutes r e s u l t e d  i n  t h e  condenser 
temperature dropping s t e a d i l y  u n t i l  t h e  i n i t i a l  
no s t a r t  temperature p r o f i l e  was reached. 
Employing t h e  a u x i l i a r y  hea te r  f o r  a period i n  
excess of 15 minutes r e s u l t e d  i n  t h e  condenser 
temperature dropping t o  750 C and s t a b i l i z i n g .  
Further  increases i n  heat  input t o  t h e  evaporator, 
with no a d d i t i o n a l  use of t h e  a u x i l i a r y  hea te r ,  
r e s u l t e d  i n  f l a t t e n i n g  of t h e  temperature p r o f i l e  
across t h e  e n t i r e  pipe and normal pipe operat ion.  
The r o l e  of t h e  a u x i l i a r y  hea te r  i s  t o  
supply heat  s u f f i c i e n t ;  f i r s t ,  t o  overcome t h e  
heat capacity of  t h e  a u x i l i a r y  load ( the  f i n s )  
and second, t o  increase t h e  vapor pressure i n  t h e  
colder end of t h e  pipe t o  t h e  point  where t h e  
l i m i t i n g  heat  t r a n s f e r  r a t e  i s  higher than t h e  
hea t  r e j e c t i o n  r a t e .  
S ta r tup  of t h e  r e a c t o r  pipes i n  a system 
such a s  proposed i n  reference 1 w i l l  not  be a s  
d i f f i c u l t  s ince  each s e t  of heat  pipes (3  s e t s  i n  
a l l )  a r e  thermally decoupled a t  s t a r t u p  and one 
s e t  of pipes cannot begin t o  conduct u n t i l  t h e  
previous s e t  is s t a r t e d .  
A tungs-ten heat pipe was designe2 for  me a s  
n primary coolant system with a compact high 
temperature reac tor .  To da te ,  .two suck: pipea haw 
been constructed and operated up t o  a t  l e a s t  t h e  
design temperatures of 1850 K. startup problems 
on a thermally loaded pipe were circu-.ren+;ed by 
using a u x i l i a r y  heating on t h e  condenser during 
s t a r t u p .  One CVD pipe with l i q u i d  r e t u r n  channels 
i n  t h e  condenser walls  has been operated continu- 
ously a t  a x i a l  heat f luxes above 7300 watts/cio2 
f o r  500 hours and i s  s t i l l  operat ing.  
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Figure 1. - Cross flow heat exchanger. 
F i g u r e  2. - Smooth wall C. V. D. t u n g s t e n  heat pipe. 
Figure 3. - Channel wal l  tungsten heat pipe. 
Figure 4. - Tungsten heat pipe with fins. 
F i g u r e  5. - Channe led  hea t  pipe operat ing ba re  a t  1900" K. 
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F igu re  6. - Reactor heat pipe l i f e  test  station. 
CONDENSER TEMPERATURE, K 
Figure 7. - Heat t h r o u g h p u t  tungs ten  reactor heat pipe w i t h  t h r e e  
f ins.  
